The available data have shown that acid-leached clays had sites for adsorption of impurities in oils. Data obtained on residual impurities in cotton and sunflower-seed oils bleached with the same clay materials produced linear Langmuir and Freundlich isotherms. The increase in constant, k with increase in both temperature of thermal activation and concentration of acid used to leach the clay, suggests that bleaching efficiency increased. The value of n decreased with increase in temperature of activation and concentration of acid used to leach the clay suggesting that bleaching capacity increased. The mineral compositions of the clays influenced their surface, structural and bleaching properties.
Introduction
Sunflower-seed and cotton-seed oils are some of the vegetable oils which are used widely in food items. Crude vegetable oils are degummed, neutralized and bleached to become fit for human consumption. Diatomaceous earth, clay, peroxide or carbon may be used to bleach and adsorb the dark colored impurities in the oil in order to give it a clear color. Vegetable oils for human consumption are treated with bleaching clays to reduce oil color values by adsorptive purification [1] .
A model of isotherm for gases adsorbed to solids was published in 1909 [2] . It is a semi-empirical isotherm derived from a proposed kinetic mechanism. This isotherm is based on different assumptions one of which is that dynamic equilibrium exists between adsorbed gaseous molecules and the free gaseous molecules. It assumed that the surface of the adsorbent was uniform, that was, all the adsorption sites were equivalent; adsorbed molecules do not interact; all adsorption occurs through the same mechanism; at the maximum adsorption, only a monolayer was formed: molecules of adsorbate do not deposit on other, already adsorbed, molecules of adsorbate, only on the free surface of the adsorbent [2] . Adsorption took place through this mechanism given below:
where, A(g) was unadsorbed gaseous molecule; B(s) was unoccupied metal surface; AB was adsorbed gaseous molecule; the direct and inverse rate constants are k and k -1 . Basing on this theory, the equation below was derived to explain the relationship between the number of active sites of the surface undergoing adsorption and pressure.
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where, θ was the number of sites of the surface which were covered with gaseous molecule, P was pressure; K is the equilibrium constant for distribution of adsorbate between the surface and the gas phase. Activated carbon has been used for adsorption of organic substances and non-polar adsorbates. Its usefulness was derived from its large micropore and mesopore volume which lead to high surface area. An empirical equation for representing the isothermal variation of adsorption of a quantity of gas adsorbed by unit mass of solid adsorbent with pressure [3] . The equation is known as Freundlich adsorption Isotherm; shown below. 
where, x/m is adsorption per gram of adsorbent which is obtained be dividing the amount of adsorbate (x) by the weight of the adsorbent (m). P is Pressure, k and n are constants whose values depend upon adsorbent and gas at particular temperature. Though Freundlich Isotherm correctly established the relationship of adsorption with pressure at lower values, it failed to predict value of adsorption at higher pressure. The plot of adsorption per gram of adsorbent, (x/m) versus Pressure gives the Freundlich adsorption isotherm. The value of x/m is increasing with increase in p but as n > 1 it does not increase suddenly [4] . Taking the logarithms of Equation (3) gives; 1 log log log x k P m n = +
Plotting a graph of logx/m is plotted against logp will be a straight line, which is another form of Freundlich isotherm. From this isotherm, the value of slope equal to 1/n and the value of intercept equal to logk can be obtained. This is used to show that the Freundlich adsorption isotherm took place in the system under study.
There are two types of adsorption processes; the physical adsorption which is weak involving van der Waals's forces [3] and chemisorption process leads to covalent bonding forces.
As absorbance measurements were taken in all experiments involving the bleaching processes, the relative quantity of pigment adsorbed, x and the residual relative quantity at equilibrium, xe are obtained from Equations (5) and (6) [5] .
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where Ao is the absorbance of unbleached crude oil and At is absorbance of bleached oil at time t. Using Equations (5) and (6) and writing xe instead of equilibrium pressure, P and the residual concentration, C; Equations (1) and (2) have been rearranged to Equations (7) and (8) [6] .
The Langmuir and Freundlich equations were applied to the adsorption isotherms of β-carotenes on montmorillonite, activated clay and sepiolite from alkali-refined rapeseed and soybean oils [4] . Application of Langmuir and Freundlich equations to adsorption isotherms for bleaching of crude sunflower seed oil with bentonite, showed that absorbance of bleached sunflower oil decreased as the concentrations of bentonite increased with increase in temperature between 60˚C and 90˚C [6] . Successful application of Langmuir and Freundlich isotherms was based the decrease in absorbance of bleached oils as compared to unbleached oils. As kaolinites and smectites were leached in acid, the solid left was mesoporous silica hydrate with high adsorptive capacity. It adsorbed colouring substances as well as nutritive ingredients and oxidation products from the oils very successfully [7] - [13] .
Whereas vegetable oil bearing seeds are grown widely in Uganda, establishing the composition of fully processed oils sold in Uganda has never been fully studied. This study has aimed at using the nature of adsorptive processes that occur during bleaching of vegetable oils using clays to characterize the bleaching of oils.
Materials and Methods

Location of Sampled Clays
The areas from which the clays were mined from Nakawa, Lwanda and Seeta located along Jinja-Kampala Highway. Kajansi clay deposits are on Entebbe road in the Swamp of Kajansi River, Kawuku is located on the shores of Lake Victoria off the Gabba road. Kumi district is located in Eastern Uganda close to the shores of Lakes Bisina. The clay deposits in these areas are mainly sedimentary deposits found along river valleys and swamps. Budadiri and Mutufu clay deposits are found in Sironko district in a characteristically volcanolastic areas yet Chelel and Siron clay deposits are found in Kapchorwa district in areas near Mt Elgon. While 14 of samples were suspected to contain mainly Kaolinite, six samples smectites. The clays were dug up from virgin mines except for Kajansi, Seeta, Budadiri and Lwanda deposits where clay mines were fully operational. The samples were collected at depths in the range of 35 -150 cm from the surface to reduce contamination and diagenetic effects [14] .
Sunflower seeds and cotton seeds were collected from Kampala's Balikuddembe markets and Jinja oil mills, pressed to collect the different oils. Later samples of sunflower and cotton-seed oils were supplied by Jinja oil mills through Dr. A Schumann.
Preparation of Clays
Raw samples of clays were separately soaked in distilled water, sieved to pass through a mesh 5.3 × 10 −4 m diameter to exclude silica and sand stones, dried and ground to powder using a rolling mill.
Leaching of Clays
Clay powder (10.0 g, 0.02 mol) was mixed with acid (50 mL) of appropriate concentrations (0%, 5%, 10%, 20% v/v) in a flask. The mixture was heated at 105˚C for 4 hours; then cooled and filtered. The residue was washed to neutrality with distilled water; then dried at 105˚C in the thermo-stated oven. The dried leached powders were re-ground, labeled and stored for future use.
Degumming of Vegetable Oils
Crude oil (100.0 g, 0.43 mol) was placed in a flask, 85% phosphoric acid (1.0 g, 0.1 mmol) was added, the mixture heated at 90˚C while stirring at 900 revolutions per minute for 10 minutes under nitrogen blanket. The oil was filtered under nitrogen. This method was reported by Car (1978) [14] and modified by Sadia (1992) [15] .
Bleaching of Vegetable Oils
Degummed neutral oil (200.0 g, 0.85 mol) under nitrogen blanket was passed through columns containing appropriate neutral, acid-leached clay powders (5.0 g, 1.24 mmol) separately which had been heat-activated at various temperatures ranging from 40˚C to 130˚C for two hours and left to elute bleached oils [7] .
Adsorption Isotherms of Bleached Oils
Mixture of the appropriate alkali-refined crude oil (100.0 g) and appropriate clay powders (5.0 g) was placed in 250 cm 3 Pyrex glass flask fitted with a magnetic stirrer. The flask was immersed in a thermo-stated iso-electric mantle at temperatures, 40˚C, 50˚C, 60˚C, 70˚C, 80˚C and 90˚C [16] . The mixture was heated while stirring continuously for a further two hours at the set temperature under high vacuum. The hot oil and clay mixture was filtered in nitrogen atmosphere and tested by measuring its absorbance.
Results and Discussion
Bleaching involves adsorption of coloring matter on bleaching earths. Therefore a comparison between the absorbance of bleached and unbleached oils is of great importance. The comparison between absorbance of bleached and unbleached oils can be best presented in form of adsorption isotherms. The isotherms portray what takes place in the entire bleaching process at various temperatures. Adsorption isotherms of pigments from alkali refined oils showed that Langmuir and Freundlich equations can be used to elucidate adsorption characteristics of pigments on clays and sepiolites [17] .
The absorbance of bleached and unbleached sunflower-seed and cotton-seed oils have been used to study the nature and extent of adsorption of the impurities in crude oils on clay materials [6] [18] . The decrease in absorbance of cotton and sunflower seed oils on being bleached has been explained in a similar way to what was noted when Topallar and Sabah separately observed the 5% -20% reduction in the red color of soybean, canola and palm oils occurred during the bleaching with acid activated bleaching earths [1] [7] [17] . This resulted in breakdown in chlorophyll and carotene concentrations. The increase in adsorption activity of clays after acid treatment is due to the weakness of the Si-O bonds in the clay structures [19] .
The absorbance for unbleached, crude sunflower-seed and cotton-seed oils were respectively determined to be 2.583 and 3.383 at 550 nm. The values of absorbance for the bleached sunflower seed oils processed at different temperatures using clays activated with hot acid solutions of varying concentrations were obtained and used to calculate the changes in absorbance and relative absorbance. As absorbance decreased as the temperature of clay activation and concentration of the leaching medium increased, the amount of pigment adsorbed, x, increased and the residual relative amount at equilibrium, xe, decreased for the bleaching of sunflower and cotton seed oils. The data on relative absorbance is shown in The decrease in absorbance with increase in temperature and concentration of acid used, showed that the bleaching capacity of the clays studied increased [7] [20] . The increase in bleaching ability was caused by removal of octahedral ions from the clay matrices by the acid and dissociation of water to produce hydroxyl groups on the clay surface [21] . For the sunflower and cotton seed oils, the quantity of pigment adsorbed, x, mass of clay used, m, and the residual relative quantity in equilibrium, xe, were separately used to calculate data which showed that effective bleaching occurred for all clays used in the study. The absorbance of bleached cotton-seed oils decreased as the temperature of activation and concentration of the acid in the leaching medium increased. This showed that the amount of pigment adsorbed, x, increased and the residual relative amount at equilibrium xe, decreased for the cotton-seed oils which were bleached.
An isotherm expresses the relationship between the partial pressure of adsorbate gas, or solute concentration in solution, and the surface coverage of the adsorbent at a constant temperature [22] . The Langmuir isotherm has been used to describe the oil pigment adsorption and adsorption of other minor oil solutes during oil processing. A plot of p/n against p will then produce a straight line [23] . The Langmuir isotherm has been applied to pigment adsorption from vegetable oil in the form of equation 9 below:
where x is amount of adsorbed solute, xe is amount of unadsorbed solute, m is grams of adsorbent, a is the surface area of the adsorbent (m 2 /100 g), and b is a constant of the intensity of the adsorption. The data in Table 1 and Table 2 reveal that effective bleaching occurred in the ranges of temperatures between 40˚C and 90˚C because both xe and x/m values decreased within this temperature range for all clays studied and generally increased above 90˚C [24] .
However, the decrease in both xe and xe(x/m) was most rapid for the Chelel clay leached in 20% acid mixture because the original clay was smectite. So it gained the highest bleaching capability when acid-leached [25] .
The data of x and xe for the various clays studied were averaged for each temperature and using the averages, the Langmuir isotherms for each clay plotted as shown in Figure 1 and Figure 2 .
As the slopes of the plots given in Figure 1 and Figure 2 increased with increase in temperature used to activate the clays in the range of 40˚C to 90˚C, it has been inferred that effective bleaching occurred within this temperature range [23] . The graphs in Figure 1 and Figure 2 show that acid-activated clays bleached better when treated with 20% acid and activated at temperature near 90˚C [24] .
Each plot depicts the decrease in values of Langmuir constants a and b as the temperature increased from 40 to 90˚C. The linearity shown in these Langmuir isotherms indicated that the effectiveness of the adsorptive process for impurities on the clays increased with increase in temperature used to activate the clays. ranging from as low as 0.890 ± 0.017 for Seeta and Umatengah clays to as high as 0.998 ± 0.017 for Kawuku, Chodah and Kajansi clays. So revealing the clays were weaker at adsorbing impurities. So their capacity to bind coloured impurities was poor because of steric interferences between the adsorbed and free impurities present in vegetable oils being bleached as the kaolinite clays had fewer adsorption sites as compared to smectite clays so leading to saturation of the clay matrix being used [26] [27] .
The coefficient of linearity of Langmuir isotherms developed using smectite rich sediments ranged from 0.911 ± 0.017 for Budadiri and Siron clays to 0.996 ± 0.017 for Mutufu and Chelel clays. Linearity was observed when the soil did not reach saturation with the adsorbate, so the leached smectites could not easily become saturated with impurities from vegetable oils due to presence of many adsorptive sites [28] . Linearity would be extended to higher concentrations of impurity in oils.
The linearity of the isotherms was a function of impurity concentration, availability of surface adsorption sites and interactions between the adsorbed impurities and impurities still remaining unadsorbed in the oil being bleached [28] . As smectite-rich clays had higher coefficients of linearity than kaolinite-rich clays it can be concluded that acid-leached smectites obeyed Langmuir adsorption more closely than kaolinite-rich clays [29] .
For all the clays tested under different conditions of temperature and concentration of acid used to activate the clay, the slopes for the Langmuir isotherms were positive showing that bleaching and surface areas increased with increase in both temperature and concentration of acid used [30] . So linearity would be extended to higher concentration of impurity in oils. Thus the linearity of the isotherms was a function of impurity concentration, availability of surface adsorption sites and interactions between the adsorbed impurities and impurities still remain unadsorbed in the oil being bleached [28] . As long as the clay material did not easily reach saturation with the adsorbed impurities, the Langmuir isotherms obtained were highly linear. The coefficient of linearity reduced as the saturation point for the clay was approached.
It has been noted that clay materials with fewer adsorptive sites easily deviate from linearity of Langmuir isotherms. Similarly, clays whose surface sites have non uniform enthalpies of adsorption also failed to show Langmuir isotherm linearity as the sites were competing for the impurities in the oils being bleached [26] [27] . A comparison of Langmuir isotherms used in studying adsorption characteristics of soils was shown to be limited by the adsorbate concentration [31] [32] . In this study it has been found that once the sorption maximum is exceeded deviations from linearity occur. Nitrogen adsorption data for the characterisation of nanoporous silicas were observed to give excellent linear Langmuir isotherms in the low pressure range and deviated at higher relative pressure [33] [34] . The deviation from linearity of Langmuir isotherms occurs in three regions attributed to existence of surface sites having multiple adsorption free energies [35] . The adsorption of impurities in oils may be governed by impurity-oil and impurity-clay surface interactions [26] . Once steric interferences set in, adsorption is hampered.
The increased linearity as temperature increased for all the clays tested confirmed that the bleaching activity or decolorizing power of the clay matrices increased with increase in temperature up to a maximum at about 90˚C. Although Langmuir behavior is observed when a straight line is obtained when xe/(x/m) is plotted against xe, this is not definitive proof of a simple, reversible monolayer, chemisorption mechanism [22] .
All clays studied bleached optimally at 90˚C, indicating that at this temperature the crystal structure of the clay materials are not greatly changed as crystal water would not have been lost [36] . This further indicated that the water or/and hydroxyl groups in the clay play a major role in the bleaching of vegetable oils [20] .
As the gradient of the graphs in Figure 1 and Figure 2 increased positively with increase in concentration of the acid used to leach the clay, acid-activation of the clay greatly enhanced the bleaching capacity of the clay because acid-leaching removed octahedral ions like sodium, magnesium, calcium and potassium ions from the clay matrix which retard bleaching [37] . Removal of octahedral ions left a silica skeleton with enhanced adsorptive properties [38] - [40] . Langmuir constants given in Table 3 decreased with increasing temperature for all clays used, indicating increasing availability of adsorption sites with elevated temperatures because all sites were not energetically equal [17] .
Using the reciprocal of the slopes of the Figure 1 and Figure 2 , the values of Langmuir constant a were got. The product of Langmuir constant a and the vertical intercept gave values of Langmuir constant b [2] and tabulated in Table 3 . Langmuir constants decreased with increasing concentration of acid used to leach the clays as well as the temperature used to activate the clays indicating that acid-leaching and heating to temperatures below 90˚C increased availability of adsorption sites because all sites were not energetically equal [17] .
The values of the Langmuir constants a and b decreased with increase in concentrations of the acid used to leach clay because leaching increased the number of adsorption sites per unit mass of clay. The values of a and b decreased also with increase in the temperature at which the clay was thermally activated; because heat of activation of the clay leads to increase in number of adsorption sites per gram of clay matrix. However, the decrease in values of constants a and b for Chelel clays was higher than for other clays studied because this clay was a smectite.
The values of a and b obtained in this study were less than those obtained by Topallar (1998) using bentonites [7] . However, very close values to those in literature were expected because the forces of adsorption which operate when pure or impure bentonites are used are nearly the same.
The Freundlich isotherm was developed to explain the adsorption of a solute from solution. It is widely used to study oil processing. It is applied as an empirical expression to describe the reversible adsorption of a single solute from aqueous solution at equilibrium at a fixed temperature. The adsorption patterns explain adsorption of vegetable oils pigments onto bleaching clay. The Freundlich isotherms have been useful in finding the commercial value of adsorbents as long as narrow experimental interval of adsorbate is used [41] . A complex series of interactions control the adsorption processes and both Freundlich and Langmuir isotherm simply summarize these interactions [17] .
The data in Table 1 and Table 2 have been used to calculate the logarithmic relation given in equation [5] and tabulated in Table 4 and Table 5 . The representative Freundlich data in Table 4 and Table 5 give the values of log(x/m) and logxe for four clays used in the study namely Kajansi, Kawuku, Budadiri and Chelel. As the representative data in Table 4 and Table 5 showed decrease in the relative residual quantities of impurities in oils within the temperature range between 40˚C and 90˚C, it can be inferred that effective bleaching took place. As bleaching is accompanied by enthalpies of adsorption, decrease in relative residual impurities with increase in temperature and concentration of acid used to leach the clays should give rise to increase in enthalpies of adsorption for the clays. The data in Table 4 and Table 5 shows that the extent of adsorption of impurities from vegetable oils increased as temperature of clay activation increased, proving that Freundlich adsorption isotherms can be developed for the bleaching of vegetable oils using clays. The method used in this study to predict adsorption of impurities in vegetable oils was successfully employed in bleaching hazelnut oil to investigate the applicability of the Langmuir and Freundlich equations and to elucidate the adsorption characteristics of oil on bentonite EY-09 (Bensan Co. Ltd., Edirne, Turkey) [23] .
The average data in Table 4 and Table 5 was plotted to yield Freundlich isotherms shown in Figure 3 and Figure 4 . The enthalpies of adsorption increased with increase in temperature and concentration of acid used to The isotherms for both sunflower and cotton seed oils followed the Freundlich equation in a manner similar to the adsorption isotherms of decolourisation of maize oil. This indicated the existence of heterogeneous adsorption sites on the solid's surface [25] .
The Figure 3 and Figure 4 showed linearity in the temperature ranges between 40˚C and 110˚C depicting that Freundlich isotherms are observed when adsorption occurs on clays if thermally activated at temperatures below 110˚C [7] . The coefficient of linearity of Freundlich adsorption isotherms, R 2 for the kaolinite rich clays ranged from as low as 0.890 ± 0.002 for Seeta and Umatengah clays to as high as 0.998 ± 0.002 for Kawuku, Chodah and Kajansi clays. This revealed the acidity of kaolinite rich clays acquired low capacity to bind coloured impurities. So they would easily become saturated with impurities and deviate from linearity of the Freundlich isotherms [42] .
The coefficients of linearity of Freundlich adsorption isotherms for smectite-rich clays ranged from 0.911 ± 0.002 for Budadiri and Siron clays to 0.996 ± 0.002 for Mutufu and Chelel clays showing that these clay matrices did not have limitations resulting from overcrowding, steric interference, thermodynamic instability at high impurity concentrations (Hundal, 1988) . The strongly adsorbing clays have been better described by the Freundlich isotherms within lower concentration ranges [31] .
As Freundlich adsorption isotherms assume monolayer adsorption capacity complications arise when clays exhibit multi-layer adsorption tendencies and this causes deviation from linearity. Clays with poor adsorption capacities deviated from Freundlich isotherms because they easily got saturated with impurities from oils leading to steric interactions between the adsorbed and unadsorbed impurities [42] . The amount of impurities in vegetable oils that get adsorbed on clay matrices change with small changes in the equilibrium bulk concentration and this was reflected in the deviation of coefficient of linearity from unity.
As smectite-rich clays showed higher coefficients of linearity than kaolinite-rich clays, it can be inferred that acid-leached smectites obey Freundlich adsorption more closely than kaolinite-rich clays [30] . Hence differences in clays can be elucidated using Freundlich isotherms.
Activation of bleaching clays at higher temperatures than 100˚C changes the crystallinity of the clays through loss of water of crystallisation. This causes deviation of coefficients of linearity form near unity. The values of the Freundlich constant k and n were obtained from plots of logxe(x/m) against logxe. The vertical intercept is k and slopes of the linear graphs is, n characterising the bleaching power of the clay and the manner in which impurities adsorb on the clay respectively [38] [43]- [45] . The values of k and n were calculated from Figure 3 and Figure 4 and tabulated in Table 5 and Table 6 .
The larger the value of Freundlich constant, k the better the clay at removing impurities from the vegetable oils. The values of k for any clay increased with increase in strength of the acid used to leach the clay because leaching with more concentrated acids resulted in creation of more impurity adsorption sites in the resulting clay matrix than when lower concentrations of acids were used. As the value of k for Chelel clay leached with 20% acid was highest, it can be concluded the clay had the highest bleaching strength among clays studied. [7] .
The clay with higher k value bleached better than one with smaller k. The value of the Freundlich constant n is used to determine the range of decolourisation within which the adsorbent is most effective. A clay with a high n will be relatively effective at binding impurities in oils but relatively inefficient at bleaching oil to a low colour value. The opposite is true for an adsorbent with a low n value. A high n value is desirable but not at the expense of k [6] . From Figure 4 and Figure 5 , values of the Freundlich constants, n and k have been calculated and tabulated as shown in Table 6 and Table 7 .
The values of the Freundlich constants obtained in this study are very close to those obtained by Topallar (1998) bleaching sunflower seed oils with bentonites [7] . It was shown that physical adsorption occurred during the bleaching processes. There is close agreement in these values indicating that adsorption processes for impurities in vegetable oils closely follows the principles set up by Freundlich for the adsorption from solutions. The differences in values obtained arose from neat oil being used yet Topallar used dilute oil solutions in hexane.
The values of Freundlich constant, n, decreased with increase in concentration of the acid used to leach the clay because the strength of the leaching acid increased proportionately with the increase in the capacity of the clay to adsorb as long as the concentration of the acid is not greater than 40% by mass [46] . The differences in bleaching efficiency of the clays used in this study appeared to be due to differences in the physical and chemical properties of the bleaching media developed as a result of leaching clays. And this is similar to what was advanced when cotton-seed oil was bleached using acid-activated montmorillonite [47] .
The kaolinite-rich clays from Central Uganda had bigger values of Freundlich constant n because these clays were not as strongly affected by acid-leaching as compared to the smectite-rich clays from Sironko and Kapchorwa. Kajansi and Chelel clays gave very nearly equal values of n yet their origins are different probably because Kajansi clays had equally as high iron and feldspar content as volcanic sediments. It is not surprising that Kajansi clays showed very high bleaching capabilities [48] . The Freundlich constant k increased with increase in temperature for a given oil showing that the formation of adsorptive sites on the clay rose. In this respect the acid-activated clays behaved like the Turkish clay used in bleaching hazelnut oil [23] .
When comparing Freundlich and Langmuir isotherms, it was found that the Freundlich isotherms could be explained by assuming that the pigments were adsorbed on stronger acid sites in smaller pores at low concentration and then larger ones when the concentration increased [17] . The amount adsorbed increased with rise in adsorption temperatures from 70˚C to 110˚C and the heat of adsorption was less than 10 kJ/mol. The relation between the quantities of colouring matter removed onto the bleaching medium and the equilibrium concentration showed agreement with Freundlich and Langmuir adsorption isotherms [6] . It has been shown that clays from volcanic sediments of Mountain Elgon were more efficient at bleaching alkali refined oils than earths from the non volcanic sediments of Central Uganda and Kumi. The values of the Freundlich constant, n, calculated using cotton-seed oils are much larger than the values calculated using sunflower-seed oils because the extent of bleaching of cotton seed oils was not as high as that for sunflower-seed oils. Generally, the concentration of impurities (colouring materials) in cotton-seed oils is higher than for sunflower-seed oils so only smectite-rich clays like Chelel and Budadiri samples had very strong decolourising effects on cotton oils. This is reflected in the values of constants calculated. The values of Freundlich constants prove that the acid-leached Chelel clay is as good as a bentonite if activated under appropriate acid and temperature conditions. Characteristically, the Chelel clay had greater number of adsorption sites than any other clay and had chances of adsorbing impurities to beyond monolayer capacity so its value of n fell below 5.
The values of the Freundlich constants, k, were low for kaolinite-rich clays from central Uganda showing that these clays had lower bleaching capacity than the smectite-rich clays from volcanic sediments. The values of k for the kaolinite-rich clays were in the range −5 × 10 −3 to −5.6 × 10 −3 for cotton seed oils showing that the clays had less capacity to adsorb impurities in cotton seed oils than for impurities in sunflower seed oils for which the k values were found to be in the range −0.029 to −0.1132 [7] . This clearly proved that the bleaching ability of clays depends largely on the smectite content. Acid-leached clays with high smectite content bleach much better than clays with low smectite content. However, in the absence of smectite-rich clays, kaolinite clays may substitute and the quantity used must be much larger than for smectites to bring about a similar effect because of their lower bleaching capacity.
The fact that the values of the Freundlich constant, k, for Chelel clays was of the same magnitude as that determined for bentonite EY-09 by Topallar H. (1998) showed that the Chelel clay has special characteristics like the already identified bentonites on world markets. The higher values of k for the Chelel clays than other clays studied indicated that this particular clay when acid leached gains a very high decolourising/bleaching power [20] [49] [50] .
The Freundlich constant, k, values varied from as low as −0.004 for raw, unleached Chelel clay to as high as −0.0692 for clay leached with 20% acid, and this showed that this clay rapidly responded to acid-leaching. The values for bentonites lie in range −0.06 to −0.095 [7] . Although the Chelel clay is very poor at bleaching when it has not been leached with the acid due to high levels of sodium, calcium and potassium ions which retard bleaching [37] , acid leaching removed these octahedral ions leading to higher bleaching power.
The clay matrices used to bleach the oils were heterogeneous because they have Broensted and Lewis centres and as well contain different phases present in clays, such as kaolinite, nontronite and illite layers, which also have active centres on their surfaces. Similarly, heterogeneity of Cyprus bentonite was attributed both to different active centres on the smectite surface (Broensted and Lewis centres) and to the different phases present in bentonite, such as illitic layers and clinoptilolite, which also have active centres on their surfaces as the clay was a mixture of illite and smectite [26] [47] .
Another brand of Freundlich isotherms is obtained by plotting the log e relative residual impurity concentration, lnxe, against the reciprocal of the absolute temperature at which the bleaching process was performed. These Freundlich isotherms are used to determine the enthalpy of adsorption. The data of in Table 8 was used to plot Figure 5 from which the enthalpy of adsorption was calculated. Figure 5 consist of linear graphs indicating that Freundlich adsorption occurred during the bleaching of cotton and sunflower seed oils at temperatures in the range between 40˚C and 90˚C.
The R 2 values for Freundlich isotherms in Figure 5 range from 0.920 ± 0.030 to 0.980 ± 0.030 for kaolinite rich clays and 0.950 ± 0.030 to 0.990 ± 0.030 for smectite rich clays showing that the strongly adsorbing clays, derived from clay deposits mined from areas of past volcanic activity, have been better described by the Freundlich isotherms within lower concentration ranges [31] . As Freundlich adsorption isotherms assume monolayer adsorption capacity, complications arise when clays and clays minerals exhibit multi-layer adsorption tendencies at high impurity concentrations; causing deviations from linearity of the isotherms plotted. Clays with poor adsorption capacities deviated from Freundlich isotherms because they easily got saturated with impurities from oils leading to steric interactions between the adsorbed and unadsorbed impurities [42] . As Langmuir and Freundlich isotherms showed very high degree of linearity, it has been proposed that all acid-leached clays irrespective of their origin developed very high adsorptive tendencies for the impurities in the oils being bleached and this coincides with information published by the European Group of Clay Analysts [51] . This showed that clay minerals or aluminosilicates in general, once acid-leached, turn into silica hydrate or silicic acid. So di-octahedral and tri-octahedral silicates can be turned to bleaching earth, but the concentration of acid used, temperature at which the reactions are performed and duration of time over which the reactions are allowed to occur will determine the bleaching capacity the clay acquires.
The heat of adsorption, ∆Ha, may be calculated in a manner similar to that used to calculate the heat of vaporisation of a liquid using the following modification of the Clausius-Clapeyron equation, (10) below:
and integration of the above equation gives:
where c is the integration constant and for the bleaching process, this equation can be written as:
Using the values of xe and 1000/T the data in Table 8 , Figure 5 were obtained and the enthalpy of adsorption, ΔHa was calculated from the slopes of the lines obtained and tabulated as shown in the Table 9 .
As the decolourisation of oils optimally occurred at temperatures ranging from 70˚C to 110˚C, it can be inferred that within this temperature range the crystal structure of the clay matrices is not greatly changed as water of crystallinity would not have been lost [36] (Dandy 1967 ). This evidence is also used to indicate that the water or hydroxyl groups in the clays play a major role since the gradient of the graphs in Figure 5 increased with increase the concentration of the acid used to leach the clay depicting that acid-activation of the clay greatly enhanced the bleaching capacity of any clay because acid-leaching removed octahedral ions like sodium, magnesium, calcium and potassium ions from the clay matrix which was established to retard bleaching [37] [40] . The heats of adsorption, ∆Ha, in kJ·mol −1 obtained from the slopes of the lines obtained in the plot of lnxe versus 1000/T are given in the Table 9 .
The adduced data show that the Freundlich adsorption equation is very applicable in the bleaching of sunflower and cotton-seed oils. Although the values obtained are less than those obtained for adsorption from gaseous phase, the fact that energy is evolved confirms the applicability of the Freundlich isotherms to the decolorization of sunflower and cotton seed oils [4] .
The data in Table 7 has values of adsorption enthalpies increasing as the concentration of the acid used to leach the clay matrices increased showing that acid-leaching increased the capacity of all the clays studied to adsorb impurities in the vegetable oils [21] . The negative values of heat of adsorption showed that the adsorption process is exothermic in nature because a given amount of heat is evolved during the bleaching process. The fact that the values enthalpies of adsorption are less than 20 kJ·mol −1 was argued [7] [20] to depict that the adsorption process of impurities on clay material occurred by the physi-sorption process, involving weak van der Waal's forces only. Similarly, the heat evolved during adsorption of impurities on Turkish bentonite were in the range of 0.32 -1.03 kJ·mol −1 was less than 20 kJ·mol −1
. The forces between the adsorbent and adsorbate appeared to be van der Waals forces [7] [23] . This was further proved by the fact that impurities adsorbed on clay could be extracted from the clay using solvents like butanone, diethyl ether, propanone or isohexane at room temperature. However, the data in Table 9 has heats of adsorption which were less than what were produced when testing bentonites because the clays used in this study either contained no smectites or very low percentages of smectites [7] . Additionally, the smectites present had lower adsorption capacity than montmorillonite. So the values of enthalpy of adsorption could not compare with those obtained using activated montmorillonite. Whereas it was shown that decolorization of bleached vegetable oils depends on temperature and the time required for equilibrium to be attained and the energy of adsorption was 19.0 kJ·mol −1 [25] this study has found lower energy of adsorption because the clays and clay materials used were highly mixed up, with the dominant mineral in some of them being kaolinite with low capacity to bleach.
Conclusions
There was increased clarity of bleached oils measured in terms of decreased absorbance of bleached oils. This implied that the bleaching capacity of the selected clays increased with increase in concentration of acid medium and temperature at which the clay was activated.
Adsorption of oil impurities on clay follows both Langmuir and Freundlich isotherms provided the monolayer capacity of the clay was not exceeded.
Recommendations
Although much data has been adduced from the study involving interactions between acids and clays, vegetable oils and clays, there is need for further research in the case of zeolite interactions with acids and oils.
